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ABSTRACT

Large single crystals of Ln2-xCeXCuO4 (Ln = Pr and Nd), the average size is approxi-
mately 5 mm x 5 mm x 1 mm, were grown by the Top Seeded Solution Growth (TSSG)
technique. The optical constants of the crystals were determined by Variable Angle Spectro-
scopic Ellipsometry (VASE) and the results seem to indicate that a 1.5 eV absorption peak
appears in the undoped material and is weakened and shifted downward in energy upon an-
nealing. The compositions and crystal structure were examined using Rutherford Backscatter-
ing Spectroscopy (RBS) with ion beam channeling. Also, the effect of annealing on the
crystalline structure was probed by ion beam channeling. The orientation and lattice param-
eters of the crystals were determined by X-ray diffraction and the superconductivity of the
specimens was monitored using a SQUID magnetometer. The results indicate that the crys-
tals grown by the TSSG method are very uniform in composition and well-oriented; how-
ever, analysis of the RBS data indicated up to 1% Pt inclusion in the crystals from contact
with the Pt crucibles. The inclusion of Pt acted to quench the superconducting transition
temperatures and Pt was found to substitute for Cu.
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INTRODUCTION

Since the discovery of the n-type superconductors I many workers have investigated the
electron mediated superconduction mechanism 2'3 and attempted to produce single crystals
using Top Seeded Solution Growth (TSSG), 4 Traveling Solvent Floating Zone (TSFZ), 5

and other methods such as the CuO flux method. 6 -9 Also, several investigators have
examined the optical properties of both the ceramic and single crystal forms of the n-type
superconductor.8 ,10 ,11

In this study, the TSSG technique has been used to obtain single crystals of Ln 2.xCexCuO 4(Ln = Nd and Pr). This technique, unlike other growth procedures, can produce large speci-

mens that contain fairly uniform dopant distributions. 4 A systematic study of the effect of
Ce dopant and annealing on the optical spectra of the as-grown crystals was monitored using
Variable Angle Ellipsometry Spectroscopic (VASE). The study also presents, for the first
time (to our knowledge), a systematic examination of the effect of annealing and Ce-doping
on the crystalline structure of the specimens as examined by ion beam channeling and
Rutherford Backscattering Spectroscopy (RBS).

EXPERIMENTAL

The TSSG method had been described by Belruss, et al. 12 in a previous article. The
growth of pure and Ce doped Nd 2CuO 4 using TSSG has been discussed by Cassanho, et
al. 4 The Pr 2CuO 4 single crystals (doped and undoped) were also grown in a similar fash-
ion by A. Cassanho. Ln2.CexCuO 4 (Ln = Nd and Pr) has a tetragonal crystal structure.
The specimens used in this experiment were c-axis oriented which indicates that the c-axis
is perpendicular to the crystal surface. The as-grown samples were analyzed using the
techniques mentioned above. The details of the RBS and VASE apparatus for each
experiment will be described below. The crystals were subsequently annealed at 9500 C for
about 15 hours under flowing argon. The samples were then re-examined.

The RBS technique involves the acceleration of He+ ions to 2 MeV by a National
Electrostatics Corporation (NEC) tandem pelletron accelerator. This He + ion beam is
collimated to a 1 mm diameter beam which is incident upon the crystal. The scattered
helium ions were detected at a backscattering angle of 1700 with a surface barrier detec-
tor. The energy resolution of the detection system is 20 KeV to 25 KcV. The (001)
channeled spectra were obtained by rotating the samples about the beam axis (0), and per-
pendicular to it (0), until a minimum yield was located. The minima in the backscattering
yield occurs when the incident beam is aligned with the planar and/or axial directions in
the crystal; i.e., channeling. When the beam is not aligned in either the axial or planar
directions of the crystal, no channeling is present and the random spectrum is obtained.
The energy detection system is calibrated with a standard prior to data acquisition. The
elements in the crystal are identified from the mass of the atoms which are determined
from the detected energies of the backscattered ions. The composition of the specimens
were obtained by utilizing the software program RUMP to fit a simulation to the data. 13

The ellipsometry data was obtained using a J. A. Woollam VASE. In this system,
the elliptically-polarized light produced by reflecting plan-polarized light from the surface
under study is modulated by a rotating analyzer. Both the wavelength of the monochro-
matic incident light and the angle of incidence can be varied. At each wavelength after
150 revolutions of the analyzer, a data acquisition program subtracts a reading obtained



with the shutter closed from a reading obtained with the shutter open. During a measure-
ment, the wavelength scanned from 4000 A to 8000 A at steps of 100 A. Two or three an-
gles of incidence were examined at each spot.

RESULTS AND DISCUSSION

RBS Results

Figures la, lb, 2a, and 2b show the random and channeled RBS spectra of Nd 2CuO 4 and
Nd 2.xCexCuO 4 single crystals. Figures lb and 2b show an expanded energy scale (x-axis) of
the channeled spectra. Similar spectra for Pr 2CuO 4 and Pr2.xCexCuO4 single crystals are
shown in Figures 3a, 3b, 4a, and 4b, respectively. Again, Figures 3b and 4b display an ex-
panded energy scale (x-axis). The horizontal axis is proportional to the energy at which the
backscattered ion was detected. The vertical axis. is the normalized yield. The ratio of the
elements (in atomic %) were determined by the best fit of the RUMP simulation. The com-
position in Figure 2 could not be accurately analyzed since the random spectrum wa) not en-
tirely random, creating difficulty in obtaining a good fit of the simulation to the experimental
data. For Figures 1, 3, and 4 the ratio of the elements and the minimum yield obtained for
each element (from the channeled spectra) are given in Table 1.

Table 1. ELEMENTAL PROPORTIONS (ATOMIC %) AND MINIMUM YIELDS (%) OBTAINED FROM
THE BEST RUMP FIT TO THE RBS DATA FOR Ln2-XCeXO4 (Ln = Nd AND Pr)

Pr (%), Nd (%), Ce (%), Cu (%), O (%), Pt (%),
Sample Min. Yield (%) Min. Yield (%) Min. Yield (%) Min. Yield (%) Min. Yield (%) Min. Yield (%)

Nd 2CUO4 --- 26.0, 5 --- 15.1,10 58.0,--- 0.9, 40

Nd2-.xCexCuO4 ..- ---. ------

Pr2CuO4 29.0,5 ---. 12.0,5 58.0,--- 1.0,5

Pr2.xCexCuO4 22.1, 4 -- 4.5, 4 14.4, 40 58.4,--- 0.6, 40

As shown in Figures 2 and 4, Nd/Ce and Pr/Ce cannot be distinguished on the RBS spec-
tra due to similar mass (energy), so in the simulation x = 0.17 Ce is used in place of Pr in
the doped specimens, which was found from the lattice parameter, c ), obtained from the X-
ray powder diffraction data and given in Table 2. The value for c (A) has been shown to be
directly related to the Ce content in the material,6 and the values extrapolated from this rela-
tionship for Ce (x) are also given in Table 2.

Table 2. LATTICE PARAMETERS AND CORRESPONDING Ce (x)
(FROM REFERENCE 6) OF Ln2-xCexCuO 4 (Ln = Nd AND Pr)

OBTAINED FROM THE X-RAY DIFFRACTION DATA

c Ce

Sample (A) (x)
Nd2CuO4 12.17 0

Nd2-xCexCuO 4  12.07 0.17

Pr2CuO4 12.26 0

Pr2_XCeXCuO4 12.16 0.15

2
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As seen in the Figures, Pt (up to 1%) is incorporated into the crystal through contamina-
tion by the crucibic. It should be noted that the Pt is seen to channel and can be observed
by the definite appearance of sharp surface peak and a low minimum yield in the channeled
spectra. This indicates that Pt is substitutional throughout the crxstal. It is assumed Pt sub-
stitutes for Cu in the specimen, as was seen in a previous report, and is not merely on the
sample surface. This substitution causes the critical temperature, Tc, to decrease to a value
,utside of our range of measurement with the SQUID magnetometer (-4K).

A small peak is located immediately to the left of Nd/Pr/Ce, as shown in Figures 1
through 4. This peak may be due to an impurity such as Ag, In, Sn, Sb, or Cd. The impur-
ity may contribute to the roll-off of the front edge of the random spectrum obtained for the
Pr2.xCexCuO 4 sample seen in Figure 4.

In general, the minimum yield obtained for the elements, as seen in Table 1, is very low
indicating that the sample is well-oriented and the crystalline structure is very well-ordered.
Channeling occurs when the He ion is steered by the electrostatic repulsion of the nuclei
located at the lattice sites and the probability that He will be backscattcred is decreased ex-
cept at the surface (as indicated by the surface peak). The yield attenuations occur for
atoms in the lattice structure and/or any atoms in a substitutional site or shadowed by the
lattice structure for that planar orientation. However, any atoms not in the lattice structure
will be hit with the ion beam and are, therefore, identified as being an interstitial atom. As
shown in the figures, none of the elements appear to contain intestitial species since channel-
ing occurs for all of the elements in all of the specimens. However, as shown in Figure 4,
for the Pr2xCexCuO 4 sample, Cu/Pt do not channel as well, as indicated by the higher yield
and the fact that the Cu/Pt do not appear as peaks but as ledges. Since both Pt and Cu
seem to channel poorly in this specimen, it corfirms the fact that Pt does indeed substitute
for Cu in the material. Also, the poor channeling may indicate that CuiPt are slightly dis-
placed from the lattice sites. Previous workers have noticed a bending of the Cu-O chains
upon doping the materials. 6 The Ce doping may cause the distortion in Cu/Pt sites, espe-cially since this was not observed for the Pr 2CuO 4 sample.

Finally, the channeled spectrum for the annealed Pr 2CuO 4 sample is shown in Figure 3.
As shown in the figure, the minimum yield obtained for Pr in the specimen has increased to
-30%. However, the yield is not as high as in the random spectrum; this implies some disor-
der, from the creation of oxygen vacancies and/or surface realignment, but not a totally disor-
dered material. Also, the back ledge of the spectrum does not have as low a yield as the
unannealcd specimens but it is reduced from the random spectra. This could be due to the
disorder caused by the presence of oxygen vacancies throughout the crystal or by dechanncl-
ing of the helium ions after scattering through a disordered surface. Further studies in which
the surfaces of the specimens will be etched and re-examined will be carried out in the future.

VASE Results

In Figures 5 and 6, the VASE spectra of the imaginary part of the dielectric function e2
for undoped Nd 2CuO4 and Pr 2CuO 4 are shown. As shown in the figures, an absorption peak
at 1.5 eV (-8000 A) is observed. This absorption peak has been assigned to a bound charge
transfer (CT) excitation from the Cu(3d) to O(2p) in the Cu oxygen plane. 8, 10 '1 1 The transi-
tion has been observed for p-type superconductors at 1.7 eV for YBa 2 Cu307,3 10 and at 2 cV
for LaCuO 4 10. The transition is more pronounced in these n-type superconductors cvcn
though the coordination in the Cu 2 planes is fourfold rather than fivefold or sixfold as in

7



the case of the p-type superconductors. This may be due to the fact that the c/a ratio of
the lattice parameters is significantly smaller in the n-type material which indicates an increase
in the ionicity of the bonds. The sharpness of the transition may also lEe due to the lack of
a decay channel for the excited carrier.8 In Figure 7, the VASE spectrum of -2 of the an-
nealed Pr2 CuO 4 sample is shown (inset shows spectrum with an expanded scale, y-axis). As
the material is annealed, the oscillator strength for the transition is decreased (transition is
weakened) and it is slightly shifted downward in energy. The weakening and downward shift
of the absorption peak may be caused by the opening of a decay channel for the charge car-
rier. This decay channel may be viewed as disorder in the material caused by the presence
of oxygen vacancies as indicated by the RBS data.

In Figures 8 and 9 (inset shows an expanded scale for the y-axis), VASE spectra of C2

for Nd 2.xCexCuO 4 and Pr2.xCexCuO 4 are shown. The spectra indicate that as the material be-
comes conducting upon doping with Ce, the 1.5 eV transition is no longer observed. Again.
this is similar to the case with the p-type superconductors; e.g., Sr doping in La2.xSrCuO 4.10

As shown in the RBS data the suppression of the transition is not from the creation of a dis-
ordered material; i.e., the creation of oxygen vacancies, but rather from the introduction of
free-carriers which act to produce screening of the CuO 2 planes. Since similar behavior oc-
curs for p-type and n-type superconductors, it seems apparent that either type carrier may
serve to suppress this transition.
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Figure 5. VASE spectrum of the imaginary part of the dielectric function, C2,
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CONCLUSIONS

The crystal structure and composition of the Ln 2 .xCexCuO 4 (Ln = Pr and Nd) samples
were examined using RBS with ion channeling. The minimum yields obtained for the ele-
ments in the crystals indicate that the crystals are well-oriented and very ordered. The addi-
tion of Ce to the material causes a slight displacement of the Cu sites. Also, an additional
inclusion of Pt (up to 1%) was found in the crystals. The Pt is incorporated into the mate-
rial by contamination by the crucible and this amount was enough to quench the superconduc-
tivity. The annealed spectrum of the Pr2CuO 4 sample displays disorder which is either
incorporated throughout the material or confined to a surface layer (which will be investi-
gated by etching the crystal and re-examining).

The electronic structure of the n-type superconductors was investigated using VASE. An
absorption peak is shown in the spectra of the imaginary part of the dielectric function, C2,
for the undoped samples which is assigned to a bound charge transfer transition from Cu(3d)
to O(2p) in the CuO 2 planes. The peak is weakened upon annealing due to the creation of
decay channel for the carrier, and the absorption peak is quenched upon the addition of Ce
in the material. The suppression of the peak by n-type carriers is thought to be due to an
increase in the screening of the CuO 2 planes. Further studies on the effect annealing on the
electronic and crystalline structure of the samples will be carried out in the future.
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